This paper discusses the modelling of buoyancy driven flows along building walls using analytical and Computational Fluid Dynamics (CFD) models. Two separate models to estimate the temperature distribution along a vertical building wall have been developed. One of the models was developed using regression analysis of field measurements carried out in France, and the other being a modified version of the integral momentum equation used for natural convection flows for a vertical flat plate. In addition, CFD modelling of buoyancy driven flows along a building wall using the standard k-ε model has also been presented. Results show that both the models provide good comparisons with previous experimental data (root mean square error < 0.2), and hence can be used to predict the temperature distribution along a building wall. CFD simulations of natural convection flows along the wall provide excellent insight into the airflow process and temperature distributions. The analytical models can be utilised by engineers and architects for designing a city in order to improve the air quality and provide better thermal comfort. Design guidelines for improved air flow conditions and better thermal comfort in a city are also provided. It is expected that in future, CFD will be used extensively for such studies, although the simulations must always be validated with field measurements.
Introduction
Urban areas like Tokyo (Japan), New York (USA) and Hong Kong have a few things in common. All these cities are located close to the sea, consist of high rise buildings and are highly populated. Cities like Hong Kong have high temperatures in summer exceeding 35 o C and the pollution levels are extremely high (Mage et al., 1996) . This is because, these cities have high rise buildings that are closely spaced thereby disallowing the wind from penetrating into the city. In addition, the concrete buildings due to their high heat capacity absorb the heat during the day and cools at a slower rate, thereby increasing the air temperatures at night. In fact, this phenomenon of Urban Heat Island (UHI) results in higher temperatures in those parts of the city that have more urban elements (buildings) than those without buildings (open areas). UHI effects have been reported and researched by many people in the past (Oke, 1973; Kim, 1992) , but more recently a few studies have tried to suggest ways of mitigating this problem by proper designing of buildings, such as by manipulating the surface albedo (Giridharan et al., 2004 ).
These problems are related to the heat capacity of the building materials and process of heat transfer that occurs along the building surfaces. Interestingly, natural convection processes have been studied by various researchers for cooling of electronic equipment and safety in thermal processes (Gebhart et al.,1998) . Natural convection processes along vertical flat plates involve high grashof numbers (ratio of buoyancy to viscous forces) and have been studied by numerous researchers (Jaluria, 1980; Ostrach, 1953 ). An approximate relationship between the temperature distribution on a flat plate and grashof number was developed by Ostrach, 1953 , besides a few empirical relationships relating the Nusselt and Rayleigh numbers (McAdams, 1954; Eckert and Jackson, 1951) . Similarly, an exponential relationship between the temperature distribution and horizontal distance from the plate was developed by Sparrow and Greg, 1958. Tsuji and Nagano, 1988 carried out measurements in a water channel to study the natural convection on a flat vertical plate in a viscous region. However, most previous studies were carried out in laboratories to estimate either the temperature distributions or the non-dimensional numbers (e.g. Grashof number) associated with natural convection flows. Only studies carried out by Nottrott et al., 2011 involved field measurements to estimate the thermal boundary layer on a building cube in Japan. Similarly, field measurements on two of the buildings of a street canyon were carried out in France to estimate the temperature variations along the building wall (Louka et al., 2001) . In general equations on natural convection flows involve momentum, energy and mass conservation along with the Boussinesq approximation (neglecting the density variation in the continuity equation) (Jaluria, 1980) . The heat transfer close to the plate is generally due to conduction, while away from the plate the flow is largely due to convection. Natural convection measurements in a laboratory are quite different from field measurements not only due to the larger scale in the latter, but also due to certain additional effects such as adjacent buildings and urban roughness elements that affect the flow process, and these effects are not simulated (in most cases) in laboratories. CFD has been used to estimate natural convection flows along mountain slopes (Schumann, 1990; Axelsen and Van Dop, 2009 ) and with few studies on building walls in a street canyon (Xie et al., 2007) . Although CFD requires validation with experimental data and should not be used directly (Tominaga et al., 2008) , but it can certainly provide an excellent visual insight into the air flow process and temperature distribution in an urban environment for natural convection flows, which can be useful for engineers as a preliminary investigation of the problem. It is expected that with high speed computers and with extensive research being carried out in CFD applications, CFD will become a useful tool of the future to address the problem of buoyancy induced flows in an urban layout.
Buoyancy induced flows are generally caused by density difference, which in turn is produced by temperature differences, leading to lighter air (low density) going upwards. Since these flows are caused 'naturally' (without external forces as in forced convection flow), the velocities are generally much lower. In the urban context, these flows are very important because, due to the increase in construction of high-rise buildings, there is restricted penetration of wind within the city (e.g. Hong Kong). Therefore, pollutants being released from various sources (traffic, industries etc) accumulate within the city due to reduced pollutant dispersion and low wind speeds (Hajra, 2014) . In such case, the buoyancy driven airflows generated from the building surfaces can aid the dispersion of pollutants, and therefore it becomes necessary to assess the temperature distribution on building walls.
The present study focuses on development of two models and presents a CFD simulation for an isolated building using the standard k-ε model. One of the models is based on regression analysis, while the other model is a modified version of the temperature profile in the thermal boundary layer. Both these models were developed from field measurements by Louka et al., 2001 and validated with field measurements from a separate study (Nottrott et al., 2011) . In addition, a CFD simulation of an isolated building using the standard k-ε model (Jones and Launder, 1972; Wilcox, 1998 ) is presented to show the velocity and temperature distribution caused by natural convection flows. Design guidelines for improved thermal conditions in a city consisting of closely spaced buildings are also provided.
Field Measurements in France
In June 1999, field measurements were carried out on Rue de Strasbourg in Nantes, France, to measure the temperature variations along the building walls of a street canyon (Fig. 1) . The east side of the canyon is about 23 m, while the west side is about 20 m high, the two walls being about 15 m apart. Measurements of temperature and wind speeds were carried out for several days in June 2001 to estimate the wind and pollutant dispersion characteristics. For this purpose, CO sensors, thermocouples and anemometers were deployed to monitor the various parameters. The results reported in their study were on those warm days when the wind velocities were extremely low (about 1 m/s), indicating that there was limited air motion and the conditions were typically suitable for natural convection flows. According to Louka et al., 2001 , "Surface temperature of the building walls was measured at four levels. Air temperature was measured at the similar levels and at seven horizontal positions at each of these levels". Additional details about the measurements can also be obtained from Vachon et al., 2000. 
Model Development and Application
Two different models are developed based on the field measurements obtained from Louka et al., 2001 as discussed further.
Model 1: Regression based model
The regression based model (hereafter referred to as "model 1") was based on temperature data obtained at 4 different heights along the west-side wall of the building (Fig. 1 ). Regression analysis was carried out on various sets of data with the dependent variable θ, defined as:
where T is the temperature in o C, Tw and T∞ are the temperatures on the wall and at a sufficiently large distance away from the wall in o C respectively.
The temperature variations generally follow a logarithmic relationship, and therefore regression analysis (Daniel and Wood, 1999 ) relating x, z/h and θ was carried out using "curve expert" software (Hyams, 2010) . Essentially, the relationship in the equation represents the equation type "a + bX + cX 2 ", where a = 0.09, b = -0.0018 and c = 0.088, while X = ln (x + (z/h)). It is understandable from equation 2 that a major contribution of the temperature variations (θ) come from the last term (0.088[ln (x + (z/h)] 2 ) which primarily represents the turbulent nature of the flow, while the other two terms represent the laminar nature of the flow closer to building surface. The regression analysis yielded a logarithmic relationship between the dependent variable θ and the independent variables: horizontal distance (x) and the location (z/h). Two of the cases are shown in Fig. 2 . The relationship was found to be:
The root mean square error (rmse) is defined as:
where pi and mi are the predicted (model 1) and measured (field measurements) values respectively of the non dimensional temperature distribution θ, while 'n' is the number of points. shows that most of the contribution comes from the last logarithmic term (0.088 [ln (x + (z/h))] 2 ), while the first two terms contribute little to the value of θ. It may be observed that the model predictions are slightly lower than field data from 0.5m to 1 m at the location of z=0.25h because of the parabolic nature of the model. Also, gradually away from the wall, the flow gets more turbulent and the effect of the thermal heat capacity of the building reduces. Furthermore, the effect of the ground roughness affects the buoyancy driven flow (since the measurement location is 0.25h above ground), which can be seen from the field measurements. However, at a slightly greater height (0.5h above ground), the effect of ground roughness is somewhat reduced since the measurement location is slightly above the ground, and hence the airflow is more dominated by the building surface temperature and less by the ground surface roughness resulting in higher temperature closer to the surface. Although the model does capture the buoyancy flow characteristics reasonably well by producing similar trends in both cases, the effect of the ground surface roughness is ignored. It is also observed that the last term in equation 2 primarily represents the convective process, while the first two terms are representative of the conduction occurring closer to the building surface. Furthermore, this model assumes that the temperature variations are largely due to the building height (h) and location of the point of interest (x, z). In general, the process is much more complex, but the present study aims to develop a simple, yet effective technique to estimate the temperature variations.
Model 2: Rectified temperature distribution from integral momentum equation
This model utilises the temperature distribution that one obtains from the integral momentum equation. A detailed description of the governing equations can be obtained from any text book on Heat transfer (see Holman, 1986) . For simplicity the equation is directly written as: 
A direct application of equation 4 on field measurements yields an extremely high value of θ compared to field measurements of Louka et al. 2011as shown in Fig. 3 . This is because equation 4 does not consider the complexity of the natural convection flows that are encountered in the field. Fig. 4 gives a clearer representation of Fig. 3 by comparing model 2 and field data. Although, the comparisons between model and field measurements are generally very good away from the wall (between 1 to 1.5 m), but closer to the wall model predictions are somewhat lower resulting in rmse of 0.099 and 0.11 for 0.25h and 0.5h respectively. In general, the convection process along the building wall will also depend on the material properties (e.g. steel and concrete buildings will have different heat capacities), surface of the building wall (a rough or irregular building surface will disallow the buoyancy driven air flow to stick closer to the surface and may induce additional turbulence). 
Comparisons between (equation 7) model 2 and field data show reasonably good comparisons (Fig.  4) especially away from the wall, although the model predictions are slightly lower closer to the wall.
Validation of the models
In order to validate the two models (Model 1 and Model 2), field measurements obtained from Notrott et al. 2011 were utilised. The experiments were conducted in the Comprehensive Outdoor Scale Model experiments (COSMO) facility at the Nippon Institute of Technology, Japan on a 1/5 scale model representing an urban layout. The entire layout consists of 512 building blocks, with each block of height 'h' equal to 1.5 m. Thermocouples and sonic anemometers were used to measure the temperature variations and wind speeds on two specific heights (0.67 h and 0.9 h) on one of the building blocks. Additional details can also be found from Onomura et al. 2009 . The building wall was about 1.5 m high and measurements were taken at 0.67h ( Fig. 5 (a) ) and 0.9h ( Fig. 5 (b) ) at horizontal distances up to 1.5 m away from the wall at 7 locations ( n = 7). An rmse of 0.112 and 0.125 were obtained for models 1 and 2 respectively when compared to experimental data, because both models predict somewhat lower values than field measurements closer to the wall (by a factor of about 5), although the general trends are very similar. However, at a slightly In general, gradually away from the ground (0.9h) the buoyancy driven flows are more pronounced and hence, the models compare well with experimental data from 0 to 0.9m away from the wall (see Fig. 5(b) ). In general the results show good comparisons between the models and experimental findings indicating the suitability of both the models for urban scenarios.
CFD Simulation of Buoyancy Flows
CFD simulations of airflow and pollutant dispersion (Gromke et al., 2008) , and wind load estimation on buildings and pedestrian comfort (Tominaga et al., 2008) have been carried out in the past. Buoyancy driven flows have also been modelled using CFD to assess flows on mountain slopes using Large Eddy Simulation (LES) (Schumann, 1990) , with few studies on flows in street canyons (Xie et al., 2007) . CFD requires greater computation time particularly while using LES as opposed to Reynolds Average Navier Stokes (RANS) based simulations (Johnson and Schilling, 2011; Girimaji, 2006) , although the former is generally more accurate than the latter. However, k-ε based models have also been used successfully to model buoyancy driven flows in the urban environment (Baklanov, 2000) In the present study a building height H of about 3 m and 1 m square plan is modelled by the standard k-ε model using EASY CFD-G 4.2.1 software (Lopes, 2013) . As per COST guidelines (Franke et al., 2011) , the Computational Domain (CD) extended vertically up to 5H, laterally up to 6H, distance of 5H between the inlet and the building and 15H between the building and outlet. The inlet, outlet and lateral sides of the CD were defined as velocity inlet, pressure outlet, and symmetry condition respectively. The solid walls had a 'no-slip' boundary condition; also the mesh size was smaller closer to the building wall in order to capture the flow characteristics accurately. Since the flow is mostly buoyancy driven, therefore the inlet velocity was only a minimum value of 0.1 m/s, indicating that the air velocity entering the CD was negligible. Also, Boussinesq approximation (neglecting density variation in continuity equation) was assumed in the simulations. The main purpose of carrying out this simulation was to estimate the effectiveness of CFD for estimating natural convection flows on a building.
In this case, it was assumed that the temperature of the concrete building surfaces is approximately 40 o C, while the air temperature within the CD was maintained at 25 o C, and the ground was about 30 degrees. These are standard values obtained on a hot summer day, particularly at noon (Nottrott et al., 2011; Louka et al. 2001) . It must also be noted that although the temperature varies diurnally, the worst case scenario is considered where the temperature difference between the ambient and the building wall surface is almost 15 degrees Celsius, as in this case. Following the solution of the Navier stokes equations, the temperature variations within the CD were extracted as shown in Fig.  6 .
Fig. 6. Temperature distribution within the CD, along and away from the building surfaces
The temperature on the building wall is the highest (almost 31 degrees), while observing wall B, the temperatures gradually reduce in the horizontal direction as the colour changes from red, yellow, green and finally blue (range of 31.7 degrees to 30 degrees). Along wall B, above the ground also the temperature reduce with the colours changing from red (31.7 o C) to light blue (30 o C), with light green (about 30.9 o C) in between the two extremes. A similar observation is seen in wall A, although the changes are less pronounced than wall B, possibly because the lee of the building is away from the (inlet) approaching wind (note that the wind speed at the inlet is negligible). Comparisons between the two model and CFD simulation at one third the height of the building (z=1m above ground) yield reasonably good results, as shown in Fig. 7 . Although the two models predict somewhat higher values compared to CFD particularly away from the wall surface the overall trends are similar indicating the usefulness of CFD in simulating this problem, besides effectiveness of the models. It is understandable that simulating more complex and realistic scenarios (e.g. buoyancy driven flows on many buildings in a city) using CFD is an interesting study for future research. The subtle temperature variations shown in Fig. 6 can produce an air flow that tends to be directed somewhat vertically upwards, as shown in Fig. 8 . (low synoptic winds), this buoyancy driven air flow can help disperse dust particles or smoke from nearby vehicles. This simulation was for an isolated building, but it is understandable that the entire city consisting of various buildings can greatly contribute to a large amount of buoyancy driven flows, enabling the dispersion of pollutants, particularly during low synoptic winds. It may be mentioned that this study primarily focuses on developing analytical models to assess temperature variations along a building wall, besides using CFD to simulate this complex flow process. However, future work must also focus on developing models to estimate the buoyancy driven 'flow velocities' along the wall, which are essential in improving the climate of a city with low synoptic winds.
Design Guidelines for better Wind Conditions in a City
As discussed previously UHI effects have greatly affected cities that consist of closely spaced tall buildings blocking the flow of wind. Certain strategies may be adopted to improve the wind conditions in a city, and these include: a) Placement of buildings: Location of buildings while designing a city can be essential especially when tall buildings are being constructed on a restricted land close to the sea (e.g. Hong Kong and Tokyo). Venturi effect relates to an increase in fluid flow due to restricted area, and the same can be applied to city design as shown in Fig. 9 . This can generate high wind speeds within the city that can disperse pollutants being released from various sources within the city. b) Trees: Tree plantation can be beneficial in reducing pollutant concentrations within a city (Gromke et al., 2008) . It can also generate cooler surroundings by providing shade and proper placement of these trees can also generate 'venturi effect' as shown in Fig. 9 , which can lead to better air quality within a city and reduced urban temperatures. c) Utilising building roofs: It is always advisable to locate a chimney on top of buildings as opposed to side walls (Hajra et al., 2013) since higher elevations will allow greater plume rise leading to greater pollutant dispersion (Hajra and Stathopoulos, 2012) , and the same is applicable to vehicular exhausts where the exhaust release may be somewhat higher (top of the vehicle), for greater plume dispersion (Ahmad et al., 2002) . Also, one must design a stack with restricted openings (see Fig. 9 ) to enhance exhaust speeds. Furthermore, buildings that are less exposed to wind such as the one shown on the left of Fig. 9 , may contribute to the improvement of wind conditions in a city through buoyancy flows since most of the surfaces are exposed to solar radiation. In such case, the roofs may have vegetation to reduce temperatures in the building and construction of any obstacles on the walls (e.g. air conditioning system) must be avoided. Also such buildings can have solar panels constructed on the roof. A possibility may also be to use a part of the roof for construction of solar panels (depending on the sun's location) and remaining portions covered by vegetation. The solar energy can help produce electricity to run a cooler inside the building, thereby reducing electricity costs and reduced heat emission from air conditioning systems. Buildings that are closer to the sea breeze (more exposed to wind) may similarly use Building Integrated Wind Turbine (BIWT) on top of the roof to generate electricity (see right of Fig. 9 ). In this process both renewable sources (wind and solar) can be utilised effectively for sustainable building design that can produce better urban air quality conditions in a city and, reduced heat emission from air conditioners thereby saving energy and reducing UHI effects. d) Lighter colours and better building materials: Using lighter colours on building roof surfaces and road pavements can certainly prevent high surface temperatures since lighter colours absorb less solar radiation (do not act as a 'black body'), and can help reduce UHI effects. Also, building materials having low heat capacity must be used in order to minimise the temperature of the building surfaces. Fig. 9 . Schematic of an urban layout for improved wind and thermal conditions in a city e) Use of natural ventilation: Natural/wind driven ventilation is particularly effective for those buildings that are more exposed to the wind (such as the buildings closer to the sea in Fig. 9 ), and therefore, such buildings should allow ventilation through windows instead of air conditioning systems. In this regard, it is also necessary to know the wind characteristics (speed and direction) which can help design the location of the windows for efficient building. 
Conclusions
Two different models, one of them being a regression based model and the other a modified version of the integral momentum equation were developed. Both the models were developed from field measurements of temperature variations within a street canyon in France. The models were also validated with previous field measurements and provided excellent results (rmse <0.2). In addition, a k-ε based model was used to generate buoyancy driven flows along a building wall to provide a visual insight of the air velocities and temperature distribution along the building walls. In the absence of synoptic winds, these buoyancy driven flows can be important to improve air quality and thermal comfort, particularly in cities that consist of closely spaced high rise buildings. Design guidelines for improving air flow conditions and providing thermal comfort to cities consisting of closely spaced buildings are provided. In future, CFD simulations for realistic urban scenarios consisting of multiple buildings must be carried out in parallel with physical modelling to improve CFD, and further our knowledge and understanding of these urban flows.
